The consumption of alcohol by people living with HIV/AIDS is associated with a graver prognosis. Long-term use of antiretrovirals may have certain health challenges that may be aggravated by concomitant alcohol use. This study investigated virgin coconut oil (VCO) as an adjuvant to the deleterious effects of highly active antiretroviral therapy (HAART) and alcohol on the cyto-architecture and functioning of the testis. Forty adult male Sprague-Dawley rats, weighing 165~176 g, were divided into eight groups and treated according to protocol. Testicular histology, stereological parameters, seminal fluid, testosterone, luteinizing hormone, follicle-stimulating hormone, the antioxidants marker malondialdehyde (MDA), and antioxidant glutathione (GSH) were examined. The use of ethanol alone and ethanol + HAART showed extensive degeneration in the seminiferous epithelium, decreased semen quality, disorganized basement membrane and widened, hypocellular interstitium. GSH was significantly decreased in the ethanol alone treated group with no significant effect on testosterone, LH, and MDA levels. Adjuvant treatment with VCO at low dose (2.5 mL/kg/bw) improved sperm motility with a partial restoration of the histopathological alterations. High doses of VCO (5.0 mL/kg/bw) showed greater improvement with respect to sperm counts, increased FSH hormonal and GSH antioxidant levels, and a well-preserved testicular cyto-architecture.
INTRODUCTION
The frequency of alcohol use amongst people living with HIV/ AIDS (PLWHA) undergoing antiretroviral treatments has been recognized to pose a serious clinical management dilemma with dire implications for global health (Kekwaletswe & Morojele, 2014; Soboka et al., 2014) . This has been linked to some fundamental altered therapeutic indices which addresses HIV virology, pathogenesis, and response to antiretroviral treatments . The global expansion of access to highly active antiretroviral therapy (HAART) has recorded significant improvement in the management of HIV/AIDS (Arenas-Pinto et al., 2015) . HAART has a positive impact on AIDS patients' survival with a sharp decline in morbidity and reduction in new HIV cases (Bendavid et al., 2012; Chang et al., 2015) . Despite its high success rate however, there are still many adverse effects incurred from their chronic use (Nagiah et al., 2015) .
In clinical practice and animal experimental studies, the longterm use of HAART has shown negative consequences on the male reproductive system (Azu et al., 2014) . These range from several potentially fatal conditions such as mitochondrial dysfunction and oxidative stress damage to several lesser detrimental effects (Pavili et al., 2010; Ahmad et al., 2011) . The habitual or heavy consumption of alcohol has been recognized to impair sexual potency in men (La Vignera et al., 2013) . These undesired effects include deterioration in semen quality and sperm functional parameters, sexual hormonal impairment, and overall organ damage resulting in decreased male fertility (RamlauHansen et al., 2010; Rai & Rai, 2016) . There is increasing evidence that alcohol can further exacerbate the side effects of many antiretrovirals (ARVs) with these interactions altering the bioavailability, leading to reduced ARV efficacy and acceleration of disease progression (Cooper & Cameron, 2005; Braithwaite & Bryant, 2010; Kumar et al., 2012) .
The use of traditional remedies as complementary and alternative therapies has been widely embraced across Africa and many developed countries in the world (Braun et al., 2010) . Herbal medicines and products often provide a better alternative to synthetic pharmaceuticals (Shah, 2007) . They are less liable to cause toxic effects and are locally accessible and inexpensive (Jaarin et al., 2014) . Certain herbal remedies also show some degree of efficacy against HIV infections (Mills et al., 2005; Zou et al., 2012) , as well as ameliorating testicular damage caused either by alcohol (Kurus et al., 2009; Dosumu et al., 2012) or HAART (Ogedengbe et al., 2016; Jegede et al., 2017) .
Virgin coconut oil (VCO) is a natural oil which has in recent times gained tremendous popularity globally owing to its wide range of health benefits. It has been reported to significantly improve semen quality as well as testosterone levels that are adversely affected by alcohol (Dosumu et al., 2012) . Our previous study also demonstrated the mitigating potential of VCO on HAART-induced testicular ravages (Ogedengbe et al., 2016) . Other health benefits of VCO include neuroprotective and memory enhancing abilities (Rahim et al., 2017) , a cardioprotective potential (Kamisah et al., 2015) , antidiabetic capacity (Akinnuga et al., 2014) , hepatoprotective potential (Zakaria et al., 2011) , and ability to help reduce body weight (Gunasekaran et al., 2017) .
In addition, VCO contains more unsaponifiable components. Its richness in phenolic compounds, such as flavonoids and polyphenols amongst other compounds, effectively increases its antioxidant capacity and provides protection against oxidative stress damage ( Nevin & Rajamohan, 2006) . However despite extensive work on VCO, there are no scientific reports to date demonstrating its potential to ameliorate testicular injuries involving alcohol with antiretroviral therapy. This study therefore investigates the possible role of VCO as an adjuvant to HAART and alcohol in limiting adverse cyto-architectural and functional changes in the testis.
MATERIALS AND METHODS

Plant material
The solid endosperm of mature coconuts was commercially purchased from a local store in the Durban area and was authenticated at the Department of Life Science, Westville Campus, University of KwaZulu-Natal, South Africa.
Preparation of VCO
The wet extraction method described by Nevin & Rajamohan (2006) was used for VCO extraction. Solid mature coconuts were crushed and made into viscous slurry. 500 mls water was added to thin down slurry and squeezed through a cheese cloth to obtain the coconut milk. The coconut milk produced was left for 24 h to aid gravitational separation in accordance with Onsaard et al. (2005) and Nour et al. (2009) . Three phases resulted: a lower aqueous phase, a middle emulsion phase, and an upper oily phase. The upper oily phase was then removed and heated for 10-15 min to remove visible water and as much moisture as possible. The resultant pure VCO was then filtered through a fine metallic sieve to remove any residual fine particulates and stored in plain bottles for 2 weeks at room temperature ready for use.
Animals and treatments
Forty adult male Sprague-Dawley rats weighing 165-176 g were used for this study. The animals were bred and maintained at the Animal House of the Biomedical Resources Unit, University of KwaZulu-Natal. All procedures involving the animals were performed in accordance with the Principle of Laboratory Animal Care of the National Medical Research Council and the Guide for the Care and Use of Laboratory Animals (Council, 2010) . The protocol for the study was approved by Animal Ethics Committee (Protocol Reference Number: AREC/087/015D). The rats had unrestricted access to food (standard rat pellets) and water. All the rats were housed in plastic cages (3 rats/cage) having dimensions of 30 cm long, 20 cm wide, and 13 cm high) and soft wood shavings employed as bedding in the cages. Rats were maintained under standardized animal house conditions (temperature: 22-24°C; light: approximately 12 h. natural light per day; humidity: 50-55%). The drugs zidovudine, lamivudine, and nevirapine (Aspen) were procured from Pharmed, (Durban, South Africa) with Batch numbers A844552, A847223, and A849377, respectively. Absolute ethanol (99%) was procured from LABOQUIP (Johannesburg, South Africa -Batch 15/082).
The animals were randomly distributed into eight (8) groups (A-H) of five (5) rats per group as indicated below.
Animals received treatments 5 days in a week, with 2 days off for the entire 8-week study period.
Group A: control animals receiving only distilled water Group B: received ethanol only (5 mL/kg BW of 20% w/v) (Erukainure et al., 2011) Group C: received ethanol + HAART. The HAART cocktail using human therapeutic equivalent doses (600, 300, and 400 mg/day of zidovudine, lamivudine, and nevirapine, respectively, was dissolved in 100 mL of distilled water and adjusted to the equivalent animal dose of 1.89, 0.95, and 1.26 mg/kg body weight, respectively) (Umar et al., 2008; Ogedengbe et al., 2016) . Group D: Ethanol + HAART (reversal group) Group E: Ethanol + HAART + VCO 1 (2.5 mL/kg body weight) Group F: Ethanol + HAART + VCO 2 (5 mL/kg body weight) Group G: Ethanol + VCO 1 Group H: Ethanol + VCO 2 Treatment was administered by oro-gastric gavage. At the end of 56 days, the animals were killed 24 h after the last treatment under halothane â anesthesia except for group D animals which served as the reversal group. In this group, HAART and ethanol were discontinued to ascertain whether their effects were reversible when withdrawn. These animals were killed on day 84 following withdrawal of all treatment for 28 days.
Body and testicular weight
The body weights (BW) of animals were recorded on the first day before treatment (initial) and thereafter on a weekly basis until the day of sacrifice. Testicular weight (TW) was measured by an electronic balance (Mettler Toledo; Microsep (Pty) Ltd, Greifensee, Switzerland). The testes of each rat were measured individually, and the average value obtained for each of the two measurements was regarded as one observation. The values were expressed in grams (g) for TW.
Semen analysis
The caudal epididymis of one testis were excised and minced with an anatomical scissors. A drop of epididymal fluid was placed onto a glass slide, covered with 22 9 22 mm cover slip, and immediately examined under a light microscope (Leica DM500, CH-9435 Heerbrugg, Switzerland) (World Health Organization, 1999 ). The total field was scanned systematically and spermatozoa motility assessed (Rizk & Sallam, 2012) . Motility was graded as progressive, non-progressive, and immotile (Vasan, 2011) . The percentage of motile spermatozoa was then estimated and reported to the nearest 5% using a subjective determination of motility (Keel & Webster, 1990) .
A portion of the macerated caudal epididymis was diluted with normal saline (1 : 9) and sperm count determined using BioRad â automated cell counter 1450101TC 20TM with a double slide counting chamber. The dilution was mixed thoroughly, both sides of the counting chamber were scored, the average of the two counts were taken, and sperm count was expressed in millions/mL (Keel & Webster, 1990) .
Histopathology of the testes
The testes were removed and weighed. The left testis was used for biochemical analyses and the right testis fixed in 10% neutral buffered formalin and processed for histology. For routine histology, the testis tissues was subject to systematic serial sectioning at 4-lm intervals using a microtome (Microm HM 315, Germany) and stained with hematoxylin and eosin (H&E). Examination was carried out by a histopathologist blinded to the study protocol.
Morphometric analyses
For each testis, seven vertical sections from the polar and the equatorial regions were sampled and an unbiased numerical estimation of the following morphometric parameters of the seminiferous tubules (diameter and cross-sectional area) was determined using systematic random sampling (Gundersen & Jensen, 1987) that ensured fair distribution between the polar and equatorial regions of each testis. The diameters (D) of approximately 18 randomly selected seminiferous tubules with profiles that were round or nearly round were measured for each slide, and a mean D was determined by taking the average of two diameters, D1 and D2. D1 and D2 were taken only when D1/D2 ≥ 0.85 (1.0 = a perfect circle). This was to eliminate longitudinal profiles which might exhibit different degrees of damage along their length and show irregular shrinkage as previously reported (Christensen & Peacock, 1980; Gundersen & Jensen, 1987) . The tubules were scanned using Leica SCN 400 (Leica Microsystems GmbH, Wetzlar, Germany) and measured at 9100 magnification using image analyzer Leica (DMLB) and LEICA MICROSYSTEM software. The diameter of the seminiferous tubule was measured across the minor and major axes, and the mean diameter was obtained. Cross-sectional area (Ac) of the seminiferous tubules was then calculated from the formula;
(where p is equivalent to 3.142 and D is the mean diameter of the seminiferous tubules).
Stereological study
The procedure was carried out by point counting method to calculate the volumes of the germinal epithelium (GE), lumina (L), and testicular interstitium (I). This was carried out in accordance with the method previously described by Weibel (1979) , Howard & Reed (2004) . Four sections per testis and six fields per section were randomly chosen for analysis. Fields were sampled from images captured using Leica SCN 400 (Leica Microsystems GmbH, Wetzlar, Germany) and measured at 9100 magnification using image analyzer Leica (DMLB) and LEICA MICROSYSTEM software.
Volume densities of testicular components (GE, L, and I) were determined by randomly superimposing a transparent grid comprising 160 test points per image arranged in a quadratic array (Freitas et al., 2011) . The ratio of the number of point intersections on the grid overlying each tissue component (P N ) to the total number of the points of the grid (P T ) was considered as the volume density (V V ) of the component, with the formula (Bielli et al., 2001) :
V V values for GE, L, and I were multiplied by 100 and expressed in percentages (%).
The absolute volume (AV) of each testicular components was evaluated based on the previous method of Howard & Reed (2004) with modification. This was obtained by multiplying the corresponding volume densities with the testicular weight (TW). Values were expressed in mL.
Serum analysis of free testosterone, luteinizing, and folliclestimulating hormonal levels Blood was collected from the heart and allowed to clot for 2 h at room temperature. It was then centrifuged for 15 min at (1000 g). The collected supernatant (serum) was kept in the deep freezer (À80°C), and all hormone measurements were taken within 6 months. The free testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) levels were analyzed by ELISA method using rat free-testosterone, rat luteinizing hormone, and rat follicle-stimulating hormone ELISA Kits (Catalog numbers: E-EL-R0389, E-EL-R0026, and E-EL-R0391, respectively-Elabscience Biotechnology, Wu Han, P, R, C., China).
Measurement of testicular tissue malondialdehyde level
The testicular tissue was homogenized in 0.2M sodium phosphate buffer (7.8 pH) and then centrifuged for 15 min at 15 000 g. The supernatant was collected and used for the measurement of lipid peroxidation. The procedure was carried out as described by Chenni et al. (2007) with slight modification. This procedure uses the complex formed from the reaction between malondialdehyde (MDA) and thiobarbituric acid (TBA). Into an assay mixture containing 200 lL of 8.1% sodium dodecylsulfate (SDS), 750 lL of 20% acetic acid (pH, 3.5), 2 mL of 0.25% TBA and 850 lL of distilled water, 200 lL of sample of MDA standard series (0, 7.5, 15, 22.5, and 30 lM) was added in a Pyrex screw-capped test tube. The mixture was heated at 95°C for 60 min in a sand bath, cooled down to room temperature and the absorbance read at 532 nm using spectrophotometerSynergy HTX multimode reader, VACUTEC, USA. Thiobarbituric acid reactive substances (TBARS) concentrations in the samples were extrapolated from the MDA standard curve.
Measurement of testicular tissue reduced glutathione concentration
Reduced glutathione concentration was measured in tissue according to methods modified from Ellman (1959) . The sample was first precipitated with 10% TCA and then centrifuged at 1792 g for 10 min at 25°C. Reaction mixture contained 100 lL of supernatant, 50 lL of 0.5 mM DTNB, and 150 lL of 0.2 M sodium phosphate buffer (pH 7.8). After 15-min incubation at 25°C, the absorbance was measured at 412 nm using a spectrophotometer (Synergy HTX multimode reader, VACUTEC, USA) and GSH concentrations extrapolated from a standard GSH curve.
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Statistical analysis
The morphometric and stereological data were analyzed using standard parametric tests. The results are expressed as means AE standard error of the mean. These were then subjected to oneway analysis of variance (ANOVA) followed by Tukey's multiple comparison test performed using GRAPHPAD PRISM version 5.00 for WINDOWS (GraphPad Software, San Diego, CA, USA).
RESULTS
Organ-body weight changes
A general insignificant increase was observed in the body weight of all groups. This increase was least in group E, with group D showing the highest. The testicular weight (TW) and relative organ weight (TW/BW 9 100) of all groups were similar with no between group differences reaching statistical significance (p < 0.05) ( Table 1 ).
Changes in sperm counts
A significant decrease in the sperm counts was observed between groups B (ethanol) and A (control) (p < 0.001) and between groups C (ethanol + HAART) and A (control) (p < 0.01). While adjuvant treatment with VCO significantly increases sperm count in group H compared to group B (p < 0.01). Similarly, the co-administration of VCO in group F resulted in a significant increase in sperm count when compared to group C (p < 0.05) ( Table 2) .
Changes in sperm motility
Progressive motility A significant decrease was observed in the progressive motility of groups B, C, and D when compared with the control group A (p < 0.001). VCO co-administration in groups G and H significantly increases motility compared to the ethanol only group B (p < 0.001). Varying degrees of increases were observed in the progressive motilities of the reversal group D (p < 0.01), the VCO cotreatment groups E and F (p < 0.001), when group compared to group C (Ethanol + HAART) ( Table 2) .
Non-progressive motility
Varying degrees of statistically significant increase were observed in the non-progressive motility of groups B, C (p < 0.001), and D (p < 0.05) when compared with the control group A. In addition, VCO cotreatment resulted in a significant decrease (p < 0.001) in this parameter in groups E, F, and G when compared with the control group A. Similarly, the co-administration of VCO significantly lowered the non-progressive sperm motility in groups G and H (p < 0.001) when compared with ethanol group B. A significant decrease (p < 0.001) was also seen in reversal group D, as well as VCO cotreatment groups E and F when compared with group C (Ethanol + HAART) ( Table 2) .
Immotile sperms
Ethanol and HAART cotreatment groups C (p < 0.001) and D (p < 0.01), as well as VCO cotreatment groups G and H (p < 0.01), showed significant increase in immotile sperms when compared with control group A ( Table 2) .
Morphometric evaluation of the seminiferous tubules
Tubular diameter and cross-sectional area of treatment groups B, C, D, E, F, and G appear to be slightly higher when compared with the control group A, whereas group H was similar to the control. There was no statistically significant difference (p < 0.05) between any of the groups (Table 3) .
Changes in the germinal epithelium (GE)
Volume density A significant decrease (p < 0.001) was observed in the GE volume density of groups B, C, D, E, and G, respectively, as well as group H (p < 0.01) when compared with the control group A. Adjuvant treatment with VCO in groups G and H significantly increased this parameter (p < 0.001) when compared with ethanol group B. In addition, a significant increase (p < 0.001) was observed in the GE volume density of groups E and F when compared with group C (Ethanol + HAART) (Table 4) .
Absolute volume
A significant decrease (p < 0.001) was observed in the GE absolute volume of groups B, C, D, and G, respectively, as well as group H (p < 0.05) when compared to the control group A. A significantly decrease (p < 0.001) was observed in ethanol and HAART co-administered group C when compared with ethanol alone group B. Furthermore, the absolute volume of GE in reversal group D as well as VCO cotreatment groups E and F was significantly higher (p < 0.001) when compared with group C (ethanol + HAART) ( Table 4) . 
Changes in the lumen
Volume density A significant increase was observed in the luminal density of groups B, C, D (p < 0.001), and E (p < 0.01) compared to control group A. Meanwhile, the adjuvant cotreatment with VCO in groups G and H was significantly lower (p < 0.001) in this parameter when compared with ethanol group B. Groups E (p < 0.01) and F (p < 0.001) showed a statistically significant reduction in value when compared to group C (Table 4) .
Absolute volume
The absolute volume of lumen showed a significant increase (p < 0.001) in group B, C, D, and E when compared with the control group A. Ethanol and HAART co-administration in group C, as well as VCO cotreatment in groups G and H, respectively, were significantly lower (p < 0.001) in the value of this parameter when compared with ethanol-treated group B. Reversal group D also showed in increase (p < 0.001), whereas VCO cotreatment group F showed a significant decrease (p < 0.01) in luminal volume compared to group C (Table 4) .
Changes in interstitium
Volume density A significant increase was observed in the interstitial volume density of groups C and G when compared to control group A (p < 0.05, p < 0.01, respectively) ( Table 4) .
Absolute volume
A significant increase was observed in groups B, D (p < 0.001), E and G (p < 0.05) when compared with the control group A. Groups C and H were significantly lower (p < 0.05) than ethanol group B, whereas reversal group D was significantly higher than group C (p < 0.05) ( Table 4) .
Histopathological examination of testicular tissue
Testicular cross sections of control, group F (ethanol + HAART + VCO 2 ), and group H (ethanol + VCO 2 ) are normal, with well-preserved cyto-architecture and minimal histological change was observed in any of these groups. Seminiferous tubules in these groups are well populated by different stages of the spermatogenic series. Basement membranes are of normal appearance, and interstitial spaces are normal and populated by normal Leydig cells with no cellular infiltrations (Fig. 1A,F,H) . Seminiferous tubules of ethanol-treated group B, ethanol + HAART group C with reversal group D showed massive loss of germ cells, widening of tubular lumen, widening of interstitial spaces with severe degrees of hypocellularity. Disordered basement membrane was also evident in these groups (Fig. 1B-D) . Groups E (ethanol + HAART + VCO 1 ) and G (ethanol + VCO 1 ) showed significant improvement with increased cellular densities of germinal and interstitial cells when compared with groups B, C, and D. Architectural distortions were less, with fewer hypoplastic changes and vacuolations. Basement membrane arrangement was partially restored in groups E and G (Fig. 1E,G) .
Changes in serum testosterone, luteinizing, and FSH hormonal levels Figure 2A shows the mean and standard error of mean (95%CI error bars). The highest and lowest mean serum testosterone levels were observed in groups F (395.2 AE 26.46 pg/mL) and G (309.8 AE 44.30 pg/mL), respectively. The mean serum testosterone for groups A, B, C, D, E, and H was 385.1 AE 27.04 pg/mL, 383.2 AE 6.16 pg/mL, 382.23 AE 24.51 pg/mL, 374.4 AE 6.44 pg/ mL, 316.2 AE 26.79 pg/mL, and 388.3 AE 47.68 pg/mL, respectively. There was no statistical significance between groups at p < 0.05.
The mean serum luteinizing hormone (Fig. 2B) showed no significant difference between groups. The mean serum LH for group A, B, C, D, E, F, G, and H were 219.2 AE 1.34 mIU/mL, 212.9 AE 4.49 mIU/mL, 209.8 AE 3.21 mIU/mL, 210.8 AE 1.81 mIU/mL, 212.6 AE 1.90 mIU/mL, 209.3 AE 2.41 mIU/mL, 207.0 AE 3.10 mIU/mL, and 207.2 AE 1.87 mIU/mL, respectively (mean and standard error).
A significant increase (p < 0.01) was observed in the mean FSH concentration of group F (30.16 AE 4.89 ng/mL) compared to group C (5.58 AE 1.37 ng/mL) (Fig. 2C) . The mean FSH concentrations for groups A, B, D, E, G, and H were (23.06 AE 4.78 ng/mL), (5.19 AE 1.70 ng/mL), (9.49 AE 3.24 ng/mL), (11.12 AE 2.20 ng/mL), (17.14 AE 6.01 ng/mL), and (14.70 AE 5.24 ng/mL), respectively (mean and standard error). Changes in testicular tissue malondialdehyde and reduced glutathione concentrations As shown in Fig. 3A , the testicular tissue malondialdehyde showed high concentrations in groups B (25.47 AE 9.57 9 10 2 lmol/L), C (23.50 AE 8.50 9 10 2 lmol/L), and D (25.64 AE 7.17
9 10 2 lmol/L) (mean and standard error). Low peak concentrations of testicular tissue malondialdehyde were observed in groups A (5.47 AE 1.07 9 10 2 lmol/L), E (13.54 AE 4.97 9 10 2 lmol/L), F (12.78 AE 3.74 9 10 2 lmol/L), G (15.75 AE 5.17 9 10 2 lmol/L), and H (11.67 AE 2.50 9 102 lmol/L). There was no statistical significance (p < 0.05) between groups. Figure 3B shows the mean glutathione concentrations in testicular tissue. A significant decrease (p < 0.05) was observed in ethanol groups B (0.017 AE 0.002 mM) and C (0.015 AE 0.001 mM) when compared with the control group A (0.043 AE 0.005 mM). In addition, adjuvant treatment with VCO caused a significant increase (p < 0.01) in GSH in group H when compared with ethanol group B (0.050 AE 0.011Mm vs. 0.017 AE 0.002 mM). Similarly, VCO cotreatment in group F significantly increased (p < 0.001) GSH when compared with group C (0.056 AE 0.007 mM vs. 0.015 AE 0.001 mM). The mean glutathione concentrations for groups D, E, and G are 0.028 AE 0.004 mM, 0.033 AE 0.005, and 0.036 AE 0.006, respectively (mean and standard error).
DISCUSSION
In the current study, we reported that the administration of ethanol or its concomitant use with HAART significantly reduced sperm counts, progressive sperm motility, and increased the percentage of non-motile spermatozoa. The concomitant use of ethanol and HAART also caused a significant increase in numbers of immotile spermatozoa. Previous studies by other experts (Sermondade et al., 2010) and from laboratory (Azu et al., 2014; Jegede et al., 2017; Ogedengbe et al., 2017) showed that both short-and long-term use of HAART and the chronic consumption of alcohol correlate positively with a decrease in sperm functional parameters. In this current study, VCO co-administration with alcohol and HAART significantly improved basic seminal parameters (sperm count and progressive motility) compared with control and mirrors also the negative impact of alcohol treatment (even after reversal). These observations correlated positively with morphometric data (volume densities and interstitial densities) accordingly. It is well established that mitochondrial energy metabolism is critical to the efficient functioning of sperm cells which can be compromised when exposed to toxicants (Piomboni et al., 2012; Song et al., 2014) . Testicular and spermatogenic indices can also be adversely affected by antiretroviral drugs via altered mitochondrial DNA and oxidative stress mechanisms (Day & Lewis, 2004) . Alcohol on the other hand elicits a myriad of mitochondrial alterations which in turn results in the generation of reactive oxygen species (ROS) and oxidative stress damage (Song et al., 2014) . Increased ROS has been correlated with low sperm counts, poor sperm motility, and morphology (Agarwal et al., 1994) . As spermatozoal motility wholly depends on a robust cellular energy supply, mitochondrial dysfunction due to oxidative stress will ultimately cause axonemal damage and sperm immobilization (De Lamirande & Gagnon, 1995; Bansal & Bilaspuri, 2011) . We propose that the abundance of phenolics in VCO favors its role as a strong antioxidative compound and possibly operating within a favorable pharmacokinetics in this protocol to mitigate the ravages of alcohol, HAART, and plausibly its interactions thereof. Whereas mitochondrial DNA denaturation tests were not carried out to indicate specific deprivation in the energy-generation pathways and structural changes, it is likely that VCO may positively act to prevent antioxidant enzyme inactivation by the pro-oxidants thus ameliorating the structural changes observed.
Lipid peroxidation is a metabolic process that results in the oxidative degradation of lipids via attacks by free radicals and excess ROS formation (Vasilaki & McMillan, 2011) . Malondialdehyde (MDA) is a good marker for determining the extent of lipid peroxidation (Gaweł et al., 2003) . Intense oxidation of lipid membranes via increased ROS-mediated damage can alter the structure and function of the cell membrane (Vasilaki & McMillan, 2011) . This further predisposes cellular organelles to functional impairment (Milei et al., 2007) . Thus, interference to lipid metabolism can impair male fertility (Yildiz et al., 2006) .
Our result shows that both ethanol and HAART caused an increase in MDA levels. This indicates testicular occurrence of lipid peroxidation. Our result still supports previous findings indicating an increased in testicular MDA levels after the administration of alcohol (Dosumu et al., 2012; Sanghishetti et al., 2012) or antiretroviral drugs (Oputiri & Elias, 2014; Adaramoye , 2015) . Mirroring the MDA levels in VCO-treated groups with alcohol and HAART with glutathione levels, the results represent a mitigation of the negative effects of the former in the protocol which, in this study, is possibly due to the effects of the later (VCO). The upregulation of GSH in VCO-treated groups also strongly supports the antioxidative properties of VCO earlier alluded to. Reduced glutathione (GSH) is also an important antioxidant which has the capacity to respond to toxic substances. It also protects the body from cellular damage caused by free radicals or excess ROS formation (Jurczuk et al., 2006) . Ethanol or its concomitant use with HAART significantly decreased testicular GSH consequently reducing antioxidant availability, thus increasing free radical activities and disrupting the redox balance. It has been reported by Rahman et al. (2012) that an imbalance in redox activity which results in oxidative stress is highly deleterious to tissue functionality. This also confirms the decreased spermatogenesis observed (Agarwal et al., 2014) . The improvement observed in F and H demonstrates VCO potential in increasing testicular antioxidant enzyme activities, with concomitant decrease in MDA levels via scavenging for excess ROS. This culminates in an increase in sperm count and motility. Our result corroborates previous studies correlating decreased MDA levels and increased antioxidant levels to Figure 1 Testicular sections of control animals 'A' showed well-preserved cyto-architecture with normal cellular composition in germinal epithelium (GE). The interstitial (I) spaces filled with Leydig cells were normal. The lumen (L) is also populated by immotile spermatozoa H&E 9100. Groups 'B', 'C', and 'D' showed massive loss of germ cells (blue arrow), alteration of basement membranes (white arrow), widening of lumen (black star), widened and hypocellular interstitium (green star). H&E 9100. Significant improvement in cellular densities of germinal epithelium (black arrow) and instersitium was seen in group 'E' with some vacuoles. There is partial restoration of basal membrane alteration. Group G also showed improvement in cellular density of germinal epithelium with widened interstitium having some degree of hypocellularity (yellow star); restoration of basal membrane was evident. Groups F and H appear similar to the control group (H&E 9100).
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In the present study, histopathological results and stereological measurements showed extensive degeneration of spermatogenic cells with thinning and disruption of the basement membrane in ethanol alone as well as it cotreatment groups C and D. Decreased volume density and absolute volume of germinal epithelium, widened lumen with widened hypocellular interstitium were also observed in these groups. This may be due to the morphological alterations of the mitochondria which contributes to apoptosis and necrotic cell death resulting in degradation of the germinal epithelium and interstitial cells (Dosumu et al., 2014) . The consequence of prolonged toxic xenobiotics on actively dividing cells during spermatogenetic cell division ultimately resulting in cessation may also play a significant role in germinal cell degeneration (Vidal & Whitney, 2014) . Our result agrees with previous studies which reported that the induction of HAART (Azu et al., 2014; Ogedengbe et al., 2016) or alcohol (Dosumu et al., 2014; Akang et al., 2015) causes severe effects on germinal cells leading to extensive necrosis and disruption of spermatogenensis. Decreased seminiferous tubular diameter, widened lumen, and hypocellular interstitium were also observed.
The basement membrane contributes significantly in maintaining the structural and functional integrity of the testis (LeBleu et al., 2007) . Alteration to the basement membrane will lead to impaired functionality of the testis (Richardson et al., 1998; Dobashi et al., 2003) . Our recent review (Ogedengbe et al., 2017) and previous studies (Gurtovenko & Anwar, 2009; Ing olfsson & Andersen, 2011) have reported that alcohol alters the lipid bilayer (cell membrane), thus affecting membrane permeability, protein distribution, and expression. With massive cellular loss (with or without interstitial fibrosis), morphometric alterations with reductions in epithelial and total tubular areas ensue and our study supports these observations of the toxic effects of alcohol.
The susceptibility of spermatozoa to oxidative damage as seen in B, C, and D relies on the high proportion of polyunsaturated fatty acids in the plasma membrane alongside low cytoplasmic level of scavenging enzymes (Pace et al., 2005) . VCO retains high levels of biologically active unsaponifiable components such as vitamin E and polyphenols which maintains membrane stability and prevents membrane damage from oxidative stress damage and membrane lipid peroxidation (Nevin & Rajamohan, 2006; Jaarin et al., 2014) . Phospholipids with high concentration of polyunsaturated fatty acids (linoleic and a-linoleic acids) play an essential role in male fertility as they are important components of spermatozoa membranes (Gholami et al., 2011) . Enhanced sperm membrane stability correlates positively with fertility Figure 2 Effect of VCO, alcohol, and HAART treatment on serum testosterone (A), serum luteinizing hormone (B), and serum follicle-stimulating hormone (C) in Sprague-Dawley rats after 8-week treatment period. Bars indicate the mean AE SEM. A: Control, B: ethanol, C: ethanol + HAART, D: ethanol + HAART, (reversal group), E: ethanol + HAART + VCO 1 , F: ethanol + HAART + VCO 2 , group G: ethanol + VCO 1 , group H: ethanol + VCO 2 . Groups compared as follows: B, C, D, E, F. G and H vs. A; C vs. B; G and H vs. B; D vs. C; E and F vs. C; q (p < 0.01) F vs. C. (McKinnon et al., 2011) . Testicular sections of groups E, F, G, and H which show some normalization as seen in the volume densities and absolute volumes of germinal epithelium reflect the ability of VCO to attenuate histopathological changes and loss of germ cells due to alcohol or its concomitant use with HAART.
Follicle-stimulating hormone (FSH) is considered a biologic marker for accessing Sertoli cell function. Its action on Sertoli cell has also been reported to increase spermatogenic potential of the testis (Jensen et al., 1997) . The significant increase in mean serum FSH concentration serum as observed in VCO cotreatment group F when compared ethanol + HAART group C corroborates the positive impact of VCO on Sertoli cell functions.
It is posited that the concomitant use of alcohol with HAART will likely act synergistically to potentiate HAART toxicities . Although we did not report any specific role played by metabolic enzymes (Cytochrome P450) and drug transporters in relation to testicular interactions of alcohol and antiretrovirals, our result still tallies with this observation. The concomitant use of ethanol and HAART showed accentuation of adverse effects such as an increase in immotile spermatozoa, reduced sperm motility, decreased absolute volume of germinal epithelium, and greater histopathological perturbation when compared to the ethanol alone treated group. All these ravages depict testicular exacerbation of antiretroviral drugs with alcohol use. Furthermore, the withdrawal of ethanol and HAART for 28 days in group D did not show any significant improvement when compared with ethanol and HAART cotreatment group C suggesting the possibly irreversible nature of damage.
In conclusion, the use of HAART alone or concomitant use with alcohol has a deleterious effect on semen parameters, testicular structure, and its function. VCO, however, mitigates these ravages and augments spermatogenesis through its antioxidant properties. However, further studies are still required to fully quantify these effects.
